(600 Wm -1 K -1 ), 7 and high chemical stability (up to 1500 º C in air), 8 h-BN has attracted much attention for a wide range of potential applications. For example, given its ultra-flat and surface free of dangling bonds h-BN substrates can increase the mobility of graphene-based FETs up to ~140,000 cm 2 V -1 s -1 9 (on SiO2 substrates it is lower, 15,000 cm 2 V -1 s -1 ). When used as dielectric,
h-BN has shown enhanced reliability (compared to HfO2), 10 characteristic layer-by-layer dielectric breakdown process, 11 and resistive switching. 12 The first work on 2D h-BN (dating from 2005) isolated multilayer nanosheets (area <100 μm 2 ) via mechanical exfoliation. 13 As this technique is non-scalable, developing other methodologies for h-BN fabrication is of utmost importance. 9 Liquid-phase exfoliation, molecular beam epitaxy and physical vapor deposition have been also suggested for h-BN preparation, 11 but these approaches lead to abundant local defects and dangling bonds, which reduce the overall performance of the h-BN. Chemical vapor deposition (CVD) is an attractive approach to synthesize large-area h-BN stacks with low density of defects, in which the size of the samples is only limited by the size of furnace tube. Monolayer h-BN was firstly synthesized via CVD in ultra high vacuum (UHV) systems on single-crystal transition metals, such as Pt (111) 14 and Ni (111), 15 but the complexity of the UHV system hindered its widespread. Later reports presented the CVD synthesis of monolayer sheets and few-layers-thick stacks of h-BN on metallic foils (e.g. Cu, Fe, Pt) at atmospheric pressure (APCVD) and low pressure (LPCVD). [16] [17] [18] [19] It should be highlighted that, due to the high temperatures required for the CVD growth of h-BN (>800º C), the metallic substrates become polycrystalline. Ref. 19 reported that the thickness of the h-BN stack grown by CVD on polycrystalline Ni depends on the size of the Ni crystal underneath, and it was also suggested that h-BN grows faster on the surface of Ni (100) than Ni (111), due to the different catalytic reaction activities. 20 Similar observations have been recently reported for h-BN stacks grown via CVD on polycrystalline Pt substrates. 21 However, the impact of these thickness fluctuations on the local electrical properties of the h-BN stacks and their effect on the performance of electronic devices is still unknown. This information is essential to understand and control the device-to-device variability, which has been reported as one of the major problems of ultra-scaled technologies. 22 In this work, the electrical homogeneity of continuous, large-area and high-quality h-BN stacks (grown by LPCVD on Pt substrates) is investigated via conductive atomic force microscopy (CAFM) and probe station. We find that thicker h-BN preferably grows on Pt grains with (101) crystallographic orientation. The excellent topographic-current correlation observed in CAFM maps indicates that the tunneling current across the h-BN is homogeneous within each Pt grain, but very different from grain to grain. Device level tests revealed that the variability of the devices fabricated within the same Pt grain is very small, and that the properties of devices grown on different Pt grains are strongly different to each other. The results here presented provide new insights on the electrical homogeneity of large-area h-BN stacks, and contribute to understand the variability of h-BN based electronic devices. Figure 1a shows the schematic of the LPCVD process for h-BN growth. A 1 cm × 2.5 cm Pt substrate was cleaned via thermal annealing (see experimental section) and introduced in the center of the CVD tube (see Figure 1a) . We use Pt as substrate because, despite being more expensive than Cu, Ni or Fe, the quality of the h-BN grown on Pt is higher (i.e. it holds a better layer structure with less randomly oriented crystallities). 23 Liquid-phase borazine precursor was kept in a commercial cold container at 3 ºC to avoid it's self-decomposition, and a cold trap filled with liquid nitrogen was used to prevent the damage of the pump. The borazine molecules (0.1 sccm) were delivered to the Pt substrate on H2 carrier gas (70 sccm) at 950 º C, which produced their absorption and decomposition on the surface of the Pt substrate, and the selfmediated growth of h-BN. After the LPCVD growth, the h-BN stack was transferred onto 300-nm-SiO2/Si for Raman spectroscopy and optical microscopy inspection, and on metallic grids for transmission electron microscopy (TEM) characterization. The transfer of the h-BN was carried out following the bubbling approach based on water electrolysis (see Figure 1b and the experimental section). 23 This method is beneficial because it allows recycling the Pt foil for unlimited times (i.e. it is cost-effective). Figure 2c ), which has been attributed to a larger thickness. 19, 21 This hypothesis has been verified by collecting Raman spectra at different locations on the surface of the h-BN/300-nm-SiO2/Si sample (see Figure 2d) . The dark-green grains in the optical microscope image (Figure 2c ) always showed an E2g peak near 1370 cm The surface roughness of the h-BN grown on Pt grains with different orientations has been analyzed via atomic force microscopy (AFM). Figure S1 shows the topographic AFM maps measured on the surface of the 300-nm-SiO2/Si sample shown in Figure 2c ; the root mean square (RMS) roughness of each image (calculated via AFM software) is also displayed. As it can be observed, the flattest surface is detected for the h-BN that was grown on Pt (111), and the roughest corresponds to the h-BN that was grown on Pt (101). As the surface roughness of 2D materials increase with their thickness, 24 Figure S1 similar conductivities. 26 It should be highlighted that the h-BN adhesion to the Pt surface is always by van der Waals forces for any Pt crystalline orientation, which means that the electronic coupling between the h-BN and Pt from one grain to another does not change.
Therefore, h-BN/Pt electronic coupling is not one factor producing the conductivity changes from one grain to another observed in Figure 3b . The fact that the conductivity changes have been detected in the same image discards tip wearing from one grain to the other, and the perfect topography-current correlation undoubtedly demonstrate that h-BN grown on different grains hold different conductivities (due to their different thicknesses, as shown in Figure 2 ). It should be highlighted that, sporadically, the regions close to the Pt grain boundaries have shown higher currents (see for example the grain boundaries between grains D-G and F-G). The explanation for this observation is as follows: when the metallic substrate is exposed to large temperatures it becomes polycrystalline; the grain boundaries of the metal substrate are rough and may contain asperities; these topographic accidents alter the h-BN growth, and at that location the h-BN may be thinner or even cracked, displaying large currents in the current maps. Cross-sections have been collected (offline) at all the grains of the current image ( Figure 3b ) using the AFM software (NanoScope Analysis) and assembled one after the other (using OriginPro 8 software). The result is displayed in Figure 3c . Within each grain the current is homogeneous, and sharp changes are detected from grain to grain. As it can be observed, the highest currents are detected on grain B, indicating that it holds the thinnest h-BN stack on its surface. Grain C shows negligible currents similar to the electrical noise of the CAFM, indicating that the -2V applied were not enough to generate tunneling current across the h-BN stack. It should be emphasized that the current deviations within each grain are below one order of magnitude for all grains (compare maximum and minimum peaks within each grain in Figure 3c ). This value is smaller than that observed in other thin insulating films (of similar thickness) being currently used in the industry, such as HfO2 and TiO2 (see Figure S3) . Therefore, the electrical properties of h-BN within the same grain seem to be very homogeneous, which shows great potential to mitigate device-to-device variability problems of ultra scaled devices. Further electrical information about the grains has been obtained by measuring the onset voltage (VON) of the h-BN stacks on each Pt grain. The onset voltage is defined as the minimum voltage that needs to be applied between the CAFM tip and the substrate of the sample (Pt) in order to observe tunneling currents above the noise level. 27 Despite the noise level of our CAFM is ~ 1 pA, we selected VON = V (I=5pA) in order to be completely sure that non-negligible current is flowing across the h-BN stack. For this experiment, VON has been extracted by measuring individual current maps on each grain (1 μm × 1 μm). The results obtained (Table S1) , strongly support the observations in Figure 3 : the smallest VON (0.1 V) was detected on grain B, and the highest (6 V) on grain C.
In Figure 3c it is difficult to quantify the real thickness of the h-BN on each Pt grain, and correlate it with the current levels observed. The reason is that best techniques used for physical thickness characterization of 2D materials (i.e. TEM) are destructive. In order to provide more insights to this point here we perform an additional analysis, consisting on measuring I-V curves at different locations of each grain via CAFM. Based on the shape of the I-V curves showing the tunneling current across the insulating stack, its physical thickness can be calculated very accurately (this was done before for ultra thin SiO2 films with sub-nanometer resolution. 28 In previous works 29 it was determined that the dominant conduction across multilayer h-BN stacks was by Forler-Nordheim Tunneling (FNT). Therefore, here we use the FNT equation to calculate the tunneling current for different h-BN thicknesses:
where V is the applied voltage, d is the thickness of the h-BN, Aeff is the effective contact area, ϕB Figure S4 ), it can be concluded that the tunneling currents across grain B fits well the conduction of monolayer h-BN, while the tunneling currents across grain D fit well the conduction across 11-13 layers (see Figure S4 ). This result is interesting because provides an indirect quantification of the thickness at each grain, something that the CAFM maps (Figure 3b ) cannot provide. shows the I-V curves collected on devices 3 and 4 (see Figure 4c) . First, the pre-BD currents are very different; second, VBD for both devices are remarkably different: 2.09 V for device 3 and 0.89 V for device 4; and third, the IPOST-BD/IPRE-BD ratio is also slightly different. The different electrical properties of devices 3 and 4 are related to the different thicknesses of the h-BN stack, due to the different crystallographic orientation of the underlying Pt grain. These observations have been corroborated by measuring additional MIM devices at different Pt grains. As Figure 4f shows, the deviation of VBD within each grain is very small (from ± 0.013 V for grain C to Fortunately, cutting-edge electronic devices based on MIM cells cover ultra scaled areas.
In the case of FETs, the current technology node is 7 nm, and the total length of current FETs never exceeds 50 nm. In the case of memristors and other non-volatile memories, such as resistive random access memories (RRAM), phase change random access memories (PCRAM) and ferroelectric random access memories (FeRAM), device areas down to 10 nm × 10 nm are preferred. 32 Therefore, as the diameter of the Pt grains easily surpass 100 μm, the fabrication of h-BN based electronic devices with very low variability is feasible. More efforts towards the growth of large-area single-crystalline h-BN stacks should conduct to ultra-low variability technologies.
In conclusion, the electrical homogeneity of h-BN stacks grown via CVD on Pt substrates has been analyzed by CAFM and a probe station. We observe that h-BN grows thicker on Pt 
Experimental Section
Growth of h-BN Pt substrates: High purity (99.997%) 100 μm thick Pt foil purchased from Alfa Aesar (item no. 12059) was employed as substrate for the h-BN growth. First, the asreceived Pt foil was cleaned in acetone and isopropanol (IPA) for 10 minutes to remove the surface contamination, and dried with a nitrogen gun. Then, the Pt foil was introduced in the center of the quartz tube, and the temperature ramped up to 950 °C in 70 sccm H2 atmosphere.
The time required to increase the temperature from ~20 °C to 950 °C was ~ 40 minutes, and following by the annealing process under the temperature of 950 °C in 70 sccm H2 for 30 minutes, in order to remove the contamination contains carbon or oxygen. This pre-growth heating step is called annealing, and it is useful to clean impurities on the Pt surface. Then, the valve of the tube coming from the Borazine container (which used a H2 flow rate of 0.1 sccm) was opened, allowing the introduction of borazine molecules in the quarz tube containing the Pt substrate. This process was kept for 1 hour at 950 °C. After that time, the temperature controller was set at room temperature and the CVD system was cooled down.
Transfer process for the h-BN:
After sample fabrication, the h-BN stacks were transferred on SiO2/Si wafers and TEM grids for analysis. To do so, liquid poly(methyl methacrylate) (PMMA) from MicroChem was spin-coated on both sides of the h-BN/Pt/h-BN sample at 2500 rpm for 1 min. The sample was backed in the oven at 70 °C for 10 min to solidify the PMMA, and the resulting sample (PMMA/h-BN/Pt/h-BN/PMMA) was immersed in a container filled with 1 M NaOH. In the same container, a Pt mesh was also introduced, and a potential difference of 3 V between it and the PMMA/h-BN/Pt/h-BN/PMMA sample was applied using a source meter. The Pt mesh served as anode, and the PMMA/h-BN/Pt/h-BN/PMMA sample as cathode.
The application of voltage lead to the formation of hydrogen bubbles at the h-BN/Pt interface, leading to the effective PMMA/h-BN detachment from the Pt foil 33 in less than 10 minutes.
Afterwards, the PMMA/h-BN stack was cleaned in deionized water three times to remove the residual NaOH solution. Finally, PMMA/h-BN was transferred on the target substrates (SiO2/Si or TEM grids). When transferred on the SiO2/Si substrate the PMMA was removed by soaking the entire sample in acetone for 2 hours, followed by an annealing at 400 °C for 2 h in a mixed H2 (200 sccm) and Ar (200 sccm) atmosphere. When transferred on the TEM grids, only the annealing step was used (no sample soaking because that could damage the h-BN suspended on the perforated TEM grid).
h-BN and Pt characterization:
The different Pt grains and their crystallographic orientations were analyzed using a standard optical microscope, and an EBSD system (from Oxford Technology) integrated in a scanning electron microscope (Zeiss Merlin HRSEM). The topographic maps in Figures S1-S2 were collected using a Dimension 3000 AFM working in air atmosphere. These experiments were performed in tapping mode using Si probe tips from Budgetsensors (model: Tap300-G). The CAFM experiments were carried out in a Multimode VI equipment from Veeco working inside a nitrogen chamber (relative humidity ~ 0.5%). 34 The use of a nitrogen atmosphere is beneficial to stabilize the current signal and achieve larger lateral resolution. 35 For this experiment we used PtIr varnished Si probes from Nanosensors (model:
CONTPT). The cross section in the current CAFM maps have been calculated using the NanoScope Analysis software of the AFM (Bruker) and assempbled using OriginPro 8 software.
Atomic scale information about the thickness and quality of the h-BN stacks was collected using 
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The manuscript was written through contributions of all authors. All authors have given approval to the final version of the manuscript. ‡These authors contributed equally. Figure S1 . AFM characterization of the h-BN/300-nm-SiO2/Si sample displayed in Figure 2c . The h-BN has been grown on via CVD on a polycrystalline Pt substrate and transferred on a 300-nm-SiO2/Si sample. After the transfer, the optical microscope photograph (Figure 2c ) shows shapes perfectly matching the Pt grains observed via EBSD (Figure 2b ). Therefore, it is possible to know the crystallographic orientation of the Pt substrate on which the h-BN was grown. Panels (a)-(c) in Figure S1 show that the roughness and density of wrinkles in the h-BN strongly depend on the crystallographic orientation of the Pt substrate on which it was grown. Figure S2 . AFM characterization of a h-BN/300-nm-SiO2/Si sample, on a region on which the h-BN was previously grown on Pt(101). This is Zoom-in image of Figure S1c . This image shows multilayer h-BN islands. 
